ABSTRACT: Filtration performance of woven geotextiles is strongly related to their pore structure parameters, i.e., percent open area (POA) and pore-opening size distribution (PSD). Current methods of determination of pore structure parameters contain inherent disadvantages, whereas image analysis, taking advantage of the two-dimensional structure of woven geotextiles, can be used effectively for this purpose. Two new image-based PSD determination methods and a new image-based POA determination method were developed specifically for woven geotextiles and are presented in this paper. The POAs and two characteristic pore-opening sizes, O 95 and O 50 , of various woven geotextiles were determined using the information provided by the image analysis methods. The image-based POAs and O 95 pore-opening size of various geotextiles are comparable to those obtained from the physical measurements and the values reported by the manufacturers. On the other hand, the measured O 50 pore-opening size is higher than the one determined using the analytical equations developed by two previous researchers.
To assure effective filtration performance, geotextiles must be properly designed. Retention and anti-clogging are the two main functions of a geotextile filter. Previous research has shown that woven geotextile properties that are most directly related to filtration performance are percent open area (POA) and certain pore-opening sizes (Austin et al. 1997; Mylnarek and Lombard 1997; Aydilek and Edil 2002) . Current filter design criteria are typically based on ratios of certain geotextile pore-opening size to soil grain size. This is somewhat logical, since large pore openings of a geotextile should be smaller than the large-size fraction of the soil grains to prevent piping. Similarly, the small pore openings of a geotextile should be larger than the small-size fraction of soil grains to prevent excessive blocking. Mostly, use of certain pore-opening sizes has been suggested in the existing criteria, and in recent years the trend has been to remove POA from filter design criteria.
In the past, the U.S. Army Corps of Engineers recommended selection of filters based on POA, which promotes the initial passage of fines and, therefore, allows the development of a graded filter zone (also known as a bridging network) (Calhoun 1972; Ossege 1993) . Since that time, the use of POA has been questioned by other investigators (Giroud 1996) . Nevertheless, recent studies have shown that POA still appears to be one of the main parameters influencing the filtration performance of woven geotextiles (Mlynarek and Lombard 1997) . Many of the current design criteria specify a lower limit of 4 % for POA, whereas some researchers have shown that a value of as low as 0.5 % may be acceptable (Austin et al. 1997) . Due to recent developments in the design of woven geotextile filters, the accurate determination of POA has gained greater importance. Therefore, characteristic pore-opening sizes of a woven geotextile for clogging and retention criteria should be investigated along with its POA value to assure successful filtration.
Problems exist with the currently available methods for determining pore-opening structure parameters of woven geotextiles, i.e., percent open area (POA) and pore-size distribution (PSD). A commonly used method for POA determination is the light projection method, which is highly operator-dependent. Commercial image analyzers and scanning techniques have also been used by some researchers (Mylnarek and Lombard 1997; Dierickx 1999) for this purpose.
Various problems have been identified also with the currently available PSD determination methods (Smith 1993; Fischer 1994) . These studies showed that PSD is highly dependent on the method used and therefore not a unique property of the geotextile. Due to the two-dimensional structure of woven geotextiles and the presence of relatively large pore openings, a direct method such as image analysis appears to be very appropriate for this purpose. Therefore, a new approach for determining both the percent open area (POA) and pore-opening size distribution (PSD) of woven geotextiles based on recent technological advancements in image analysis is warranted and is presented in this paper.
The image analysis method uses various mathematical morphology algorithms to determine percent open areas and pore-opening sizes. The two characteristic pore-opening sizes, O 95 and O 50 , were determined using the information provided by image analysis. The image-based POAs are compared to the physical measurements made in the laboratory. Finally, the measured pore-opening sizes are checked against the manufacturers' reported apparent opening sizes (AOS) and the values of the two characteristic pore-opening sizes based on the analytical equations.
Geotextiles
In the testing program, 17 woven geotextiles were used. The geotextiles were selected from the ones most often used in filter applications and had a wide range of percent open area (POA), apparent opening size (AOS or O 95 ), and permittivity. They also incorporate a range of polymeric fibers such as slit-film, monofilament, and multifilament. The physical and hydraulic properties of the geotextiles are given in Table 1 .
Percent Open Area (POA)
Percent open area (POA) is the ratio of open area to total area of woven geotextile. POA is directly correlated to permittivity (Aydilek 2000) , which, in turn, has a direct effect on filtration performance of a geotextile. This is logical since a larger open area would lead to a larger flow area and higher permittivity. Therefore, accurate determination of POA is important in evaluating filtration performance of woven geotextiles.
POA Determination Using Light Projection Method
The commonly used method for POA determination is the light projection method (U.S. Army Corps of Engineers 1986). In this method, a sample of geotextile (usually 50 by 50 mm) is placed in the holder of a slide projector, and the image from the center of the sample is projected onto a screen. The length of the sides consisting of five openings and adjacent filaments are measured to define the area of measurement. POA is determined by dividing the total area of openings in this area by the area of measurement.
The method was slightly modified for the current research program. Measurements were made at three different locations (top, center, and bottom) of the sample and the average of these measurements reported. A board with 0.75 by 0.75-mm-square grids was placed on the screen to count the squares within the open areas. It was difficult to determine the pore areas of geotextiles with relatively small POA values (POA < 4) and/or exhibiting heterogeneity. Even though extreme care was taken in counting squares, the number of squares could not be established accurately in most cases. The number was usually rounded, and it is believed that this is a significant source of error in the calculations. The method is extremely time consuming (it takes about 45 min to test one sample), operator-dependent, and mostly requires a high level of care. Since the optimum light intensity is not specified, the results may not be reproducible because light intensity determines pore definition. Therefore, a more sophisticated, yet accurate, method is necessary for POA determinations.
POA Determination Using Image Analysis Method
Due to the shortcomings of the light projection method, the image analysis method has been recommended for POA determination (Austin et al. 1997; Mlynarek and Lombard 1997) . The method is based on counting white and black pixels and corresponding to pore opening and filaments, respectively, in a binary image. The ratio of the number of openings to the whole image size is referred to as POA. This method usually requires an image analyzer, a light source, and a microscope or a digital camera. The method is simple, fast, and captures small pore-openings; therefore, the POA of a geotextile can be easily determined.
The image analysis method, however, has some disadvantages. One is that the method is highly sensitive to light intensity. An increase in brightness (diaphragm opening) can result in perception of larger pore-opening sizes, which leads to an over-prediction of POA. Another problem usually encountered relates to thresholding in generating a binary image. To obtain meaningful values, an optimal gray-scale threshold setup is required to distinguish the open area from the polymer area. The thresholding tool included in most of the image analyzers is not specifically developed for geotextiles, and often information is not available about their basis of operation. To respond to this need, a more sophisticated method of image capturing and analysis was developed in this study.
Image Capturing on Samples of Geotextiles-The level of success in any image processing work is dependent on the quality of captured images. Images of geotextiles were captured by a charged couple device (CCD) analog camera. An IMAQ-1424 32-bit digital image acquisition board digitized the captured images. The setup for the image analysis included a 330 by 460 mm workstation platform, a 460-mm vertical post, a 460-mm horizontal arm, a 90
• -angle mount, and a 50-mm-diameter through-hole focus mechanism. An 18 to 108-mm macro zoom lens was used. Approximately 30 to 35 binary images of each geotextile were captured. A high-precision xy stage table was used, and images were taken at an 8-mm interval. The 8-bit digital images had 256 gray scale and 640 by 480 pixels. Each image was 8 by 6 mm in size, which resulted in a pixel size of 0.0125 mm. Preliminary statistical analyses showed that sampling size (8 by 6 mm) and the sampling number size (N = 30-35) were reasonable (Aydilek 2000) .
Initially, light was projected onto the sample through a portable illuminator. However, this caused reflection of the light from geotextile filaments, which led to erroneous POA values. Consequently, specimens were illuminated from the bottom with a light source providing a light intensity of 2000 lm. The diaphragm opening of the camera lens was adjusted to a threshold value at which no visual enlargement of the geotextile openings was observed, such that the background pixels had grayscale values of 255 (i.e., pure white).
A debate is currently going on between researchers about the angle of measurement. Most of the image cameras capture the images at an angle of 90
• , and this has recently been criticized by Mylnarek and Lombard (1997 at angles of 30
• , 45
• , and 90
• and suggested that the maximum of measured values (maximum percent open area, MPOA) should be reported because the current design methods are too conservative. They indicated that a geotextile with a POA in the range of 0.4 to 2.0 would be reported as 0 with the light projection method, i.e., no opening. This approach seems logical for geotextiles with low POA values and the ones composed of fibrillated yarns because the POA of those geotextiles is generally underestimated with the light projection method. However, it is not reasonable in all cases because the POA values may decrease under field effective stresses and a risk of blocking subsequently develops (Ossege 1999) . Therefore, in the current research program, the images were captured at an angle of 90
• . The images were then used to determine the POA as well as PSD of geotextiles.
Thresholding and Filtering-A small code was written in MATLAB (Matrix Laboratory) to calculate the optimum threshold values based on the histogram of each image. The threshold value to generate a binary image was set to the midpoint of the pixel intensity values recorded at the two ends of the histogram (Fig. 1) . Typically, the two ends were pure black and pure white, 0 and 255, respectively. Since the background pixel intensity was adjusted to a value of 255 (pure white), the filaments had a pixel intensity of 0 (pure black). This approach is reasonable for all woven geotextiles, since they have a two-dimensional structure in contrast to nonwoven geotextiles, which have fiber orientations in the third dimension. Moreover, most of the woven geotextile image histograms have a similar shape (Aydilek 2000) .
After thresholding, binary images were obtained in which white regions were 1 and black regions 0. Figure 2 shows the captured and thresholded images of Geotextile H. Pixel-size random noise may occur on the image, which is often associated with electronic noise in the computer vision system (Ghalib and Hryciw 1999) . A composite morphological filter was applied when necessary to the thresholded binary image to eliminate this noise. This composite filter consisted of a sequential application of a one-step opening and then a one-step closing operation with a 2 by 2 structuring element,
FIG. 2-(a) Captured and (b) thresholded digital images of Geotextile H.
the smallest structuring element available. In mathematical morphology, a structuring element (SE) is a template designed to detect or modify certain shape features of the signal under consideration.
The opening operation is a sequential application of an erosion operation followed by a dilation operation (i.e., opening = erosion + dilation), both using the same structuring element. Erosion is a morphological operation, which eliminates irrelevant pixels in the image and erodes the contour of objects with respect to the template defined by the structuring element. On the other hand, dilation has the reverse effect of erosion, since dilating objects is equivalent to eroding the background. The opening operation eliminated all foreground objects, which are strictly smaller than the structuring element employed. As a result of the opening operation, noise features within the filaments are eliminated.
The closing operation, a morphological dual operation, was applied to the output image of the opening operation. It is a sequential application of a dilation operation followed by an erosion operation (i.e., closing = dilation + erosion), both using the same structuring element. The closing operation eliminated all background objects, which are strictly smaller than the structuring element employed. Therefore, as a result of the closing operation, noise features embedded in pore-openings are eliminated. A detailed description of opening and closing operations can be found in Aydilek (2000) .
Finally, percent open area was calculated through dividing the number of white pixels by the pixel size of the entire image using a code developed in IMAQ, an image-processing software functioning under instrumentation software called LabVIEW. The MATLAB code developed to calculate the threshold values was added to the program. Using a 1 GHz Pentium-based PC compatible system, POA values of each geotextile were determined in approximately 10 s by this method.
POA Results
The percent open areas of 17 different types of woven geotextiles determined by the image analysis are highly comparable to the manufacturers' reported POAs and to the light projection methodbased values as shown in Fig. 3 . Comparable POAs were determined for both slit-films and mono/multifilaments. Even though the light projection method gives accurate results when employed carefully, the method is highly time consuming and therefore image analysis is still preferable. The results suggest that the image analysis method can be effectively used to determine the POA of woven geotextiles. Giroud (1996) proposed an equation for calculating POA of woven geotextiles. The equation includes filament thickness of a geotextile and is applicable only to woven monofilament and multifilament geotextiles:
where d f is the filament thickness, and O f is the filtration opening size. O f is defined as the largest pore-opening size of a particular geotextile. In order to further investigate the accuracy of the proposed image analysis method, the values were compared with the ones determined by the proposed equation. In the calculations, O 95 was used as O f . To determine d f , first a code was written in MATLAB, which drew horizontal and vertical slices along the image. The images were then analyzed by IMAQ, and vertical and horizontal filament thicknesses were determined by counting the black pixels in each slice. The mean filament thickness was calculated as the average of these thicknesses. Figure 3c compares the POA values calculated by this method with the POAs determined by image analysis. The values are highly correlated, which gives further substantiation of accuracy of the image analysis method.
Pore-Opening Size Distribution (PSD)
Most of the current filter design criteria use either apparent opening size (AOS, O 95 ) or filtration opening size (FOS or O 90 ), which are the two available pore-opening sizes reported in the literature. These pore-opening sizes are determined from dry sieving (ASTM D 4751) and wet sieving or hydrodynamic sieving tests, respectively. Due to the problems associated with these test methods, smaller pore-opening sizes determined by the methods are highly unreliable (Smith 1993; Fischer 1994) . Therefore, the bubble point method (ASTM F 316) was developed to provide a complete PSD curve for nonwoven geotextiles. It gives fairly reasonable PSD for nonwoven geotextiles, where air pressure determines the size of pore channels. However, with its current status, the test produces poor results for woven geotextiles, since relatively high airflow passes through these geotextiles and overpredicts the pore-opening sizes (Fischer 1994) .
Image analysis has been used to determine the PSD of woven geotextiles taking advantage of their two-dimensional structure (Bhatia and Smith 1996; Dierickx 1999) . However, potential problems have been reported, most probably due to lack of automation of object definition in these applications. A more fundamental evaluation of image analysis was employed in this study. Two methods of image analysis were applied, and the results were compared with each other as well as with other PSD determination methods. The first method used was based on IMAQ. It appears to be the most readily available method for PSD determination and its basis simulates dry sieving, a widely accepted standard test for PSD determination. An IMAQ code, named P-IMAQ, was developed specifically for PSD determination of woven geotextiles. The code reads the images, converts them into a binary form at an input threshold value, and filters them by using a 2 by 2 structuring element.
In the second method, an original code for PSD determination of woven geotextiles, named PORE, was written in MATLAB, which takes a different approach in defining pore areas in an image. It incorporates several image-processing operations to more accurately define pore areas, and provides an actual pore-opening size as opposed to a defined pore-opening size such as given in dry sieving in terms of the bead size that fits a pore opening.
PSD Methods Using Image Analysis

P-IMAQ for Determining PSD
IMAQ has a range of built-in object measurement methods. Among the methods, the closest one to represent sieve analysis is the shape equivalence method using an ellipse. This method was employed in P-IMAQ. A detailed explanation of this method is given by Aydilek (2000) . A range of geotextile opening diameters (i.e., comparable to the sieve sizes commonly used in a dry sieving test) was defined in P-IMAQ, and each opening size was compared to the minor axis length of an ellipse fitted to the pore opening. The number of pixels given in the output was defined as the number of pore openings having a minor axis length greater than a given diameter, which simulated retaining percentages in the dry sieving test. The process was repeated for the images of all samples of a particular geotextile, and an average PSD was reported.
PORE for Determining PSD
An original code, PORE, was developed to determine the PSD of woven geotextiles. The algorithm determines the actual poreopening sizes using a number of morphological image-processing techniques. It has three main phases, thresholding, filtering (opening and closing), and the final step includes a series of erosion, thinning, and pruning operations. The flow chart of the algorithm is shown in Fig. 4 .
The previously developed MATLAB code calculated the threshold values for converting the images into a binary form. A composite morphological filter, consisting of a sequential application of one-step opening and then a one-step closing operation with a 2 by 2 structuring element was applied to the thresholded binary image to eliminate the random noise. Figures 5a through 5e show the images of Geotextile G after thresholding and filtering. After these two operations, successive applications of the erosion operation were applied to the image. The main purpose of the erosion operation was to simulate the conditions in the dry sieving test by eroding the contour of objects with respect to the template defined by the structuring element. Structuring elements had the same role as a stack of sieves used in dry sieving. For this reason, a range of structuring element sizes was selected from among the commonly used sieve diameters, and the erosion process was repeated with a range of structuring elements.
The successive erosion operations can be used to count the pore openings larger than a given structuring element reasonably well; however, the erosion operation was applied to the pore openings, and a different operation, called thinning, was required to remove the background pixels to a skeleton. Morphological symmetrical thinning reduces objects in a binary image to their skeletons passing through their medial axes without altering the connectivity properties of these objects, i.e., in a topology-preserving manner. In particular, it achieves this by peeling off a single layer of boundary pixels each time it is applied. However, "hair-like" protrusions occurred either along ragged edges or at the corners of pore openings as an artifact of the symmetrical thinning operation. To trim these protrusions, an operation called pruning followed the symmetrical thinning (Aydilek 2000) . As a result, each erosion AYDILEK AND EDIL ON GEOTEXTILE PORE PARAMETERS 7
FIG. 4-Flow chart of PORE.
operation was followed by a set of thinning and pruning operations performed using a 2 by 2 SE, the smallest structuring element available.
The series of erosion, thinning, and pruning operations were continued until an "idempotance" was reached. In mathematical morphology, idempotance is defined as the ultimate phase of the operation when all the objects (i.e., pore openings) are reduced to a single pixel size. Since the process eroded the pore openings starting from the outer borders of the pore opening, the idempotance was reached when one single pixel remained at the center of the pore opening (Fig. 5 f ) . The number of remaining pixels was equal to the number of pore openings eroded by a particular structuring element. For instance, the number of pixels left after an erosion process performed with a 2 by 2 SE gave the number of pore openings larger than the sieve represented by this structuring element. The required number of steps to reach the idempotance was less when a larger structuring element was used. For example, 15 successive steps of operation were performed to reach the idempotance with a 3 by 3 SE; however, with a SE of 55 by 55, the largest SE used in the algorithm, a single step was usually enough to reach the idempotance.
PSD Results
Comparison of P-IMAQ and PORE
PSDs of various woven geotextiles were determined using the two different image analysis approaches, P-IMAQ and PORE. The two characteristic pore-opening sizes, O 95 and O 50 , were determined using the information provided by the image analysis. Good correlations exist between the values of PORE and P-IMAQ, as shown in Fig. 6 . Sampling size (8 by 6 mm) and the sampling number size (N = 30-35) were also reasonable for pore-opening-size calculations (Aydilek 2000) .
The results suggest that either of the models can be used to determine the PSD of a woven geotextile. The verification of the PSDs obtained using P-IMAQ by PORE is significant. The summarized results indicate that P-IMAQ provides pore-opening sizes highly comparable to actual pore-opening sizes as provided by more rigorous PORE. A good regression fit (R 2 = 0.91-0.98) between P-IMAQ and PORE was obtained both for slit-film wovens and monofilament or multifilament ones. The goodness of the fit suggests that the use of P-IMAQ is reasonable. PORE restores the images by introducing necessary filtering operations and measures essentially the actual sizes of pore opening of a geotextile. The main disadvantage of PORE is its low speed. Therefore, the practicality of P-IMAQ makes it preferable for PSD determinations without significant loss of accuracy.
Comparison of Image-Based O 95 Pore-opening Sizes with Manufacturer's Reported Values
The apparent opening size (AOS or O 95 ) of a geotextile is included in most of the existing filter design criteria. This pore-opening size is determined from dry sieving; however, the test method has been criticized by many researchers (Mylnarek et al. 1993; Bhatia and Smith 1996) due to its various disadvantages: electrostatic effects, geotextile sagging in the frame, and unspecified vibration frequency. Furthermore, the range between the bead sizes specified in ASTM D 4751 is too large. For instance, if a particular bead size tested gives the O 80 , the next specified bead size might easily give O 98 , which, however, will be reported as O 95 . Due to the reasons mentioned above, a conservative approach was taken, and the minimums of the range of manufacturers' reported AOS values were compared with the image-based pore-opening sizes. Figure 7 shows these comparisons. The O 95 opening sizes of monofilament and multifilament geotextiles determined by two different image analysis methods compare well in a general way with the manufacturers' reported AOS values. However, the R 2 values were relatively low for the slit-films, possibly due to their heterogeneous structures.
Comparison of Image-Based O 50 Pore-opening Sizes with the Predicted Values
As mentioned before, the dry sieving test mainly provides O 95, and only a few O 50 values are reported in the literature, such as the bubble point measurements reported by Smith (1993) for two of the geotextiles of this testing program. O 50 is a widely used poreopening size in the current geotextile filtration criteria and should also be determined accurately. Wayne and Koerner (1994) proposed an analytical method to calculate O 50 values using mass per unit area, thickness, and permittivity of a geotextile. This method was applied to the geotextiles of the current testing program, and the resulting O 50 values are plotted versus O 50 determined using the image analysis method in Fig. 8 . In most cases, the image-based O 50 values of both slit-films and monofilament or multifilaments are significantly higher than those determined by the Wayne and Koerner (1994) approach, though comparable to the few available bubble point data.
Conclusions
Accurate determination of percent open area (POA) and poreopening size distribution (PSD) of a woven geotextile is necessary to develop filter criteria. Potential problems exist with the existing POA and PSD determination methods. Therefore, a new method of determining POA was developed using the recent developments in the image analysis technology. Furthermore, two new image analysis methods, one with a more rigorous definition of pore-opening size (PORE) and another more practical to use (P-IMAQ), were developed and used to determine the PSD of a wide range of woven geotextiles. The POAs and two characteristic pore-opening sizes, O 95 and O 50 , derived from the PSD of various woven geotextiles based on these image analysis methods were compared to the results from the laboratory tests, analytical equations, as well as manufacturers' reported apparent opening sizes (AOS). The following conclusions are advanced:
1. The image analysis method measures POA of woven geotextiles accurately. The POAs are highly comparable to the manufacturers' reported values and to the measured ones using the light projection method. It is a rapid, accurate, and less user-dependent method. The method also provides optimal threshold values for converting the geotextile images into a binary form.
2. An original code measuring the actual pore-opening size of a geotextile, PORE, was developed. The pore-opening sizes measured by using this code were compared to those determined by a second code (P-IMAQ) developed using IMAQ, a commercial image analysis software functioning under LabVIEW. The verification of PSDs obtained using P-IMAQ by PORE is significant. The main disadvantage of PORE is its low speed, and, therefore, the practicality of P-IMAQ makes it preferable for PSD determinations. 3. The image-based O 95 pore-opening size of various geotextiles is comparable to the manufacturers' reported AOS. The measured O 50 pore-opening size is greater than the one determined using an analytical equation developed by two previous researchers but comparable to the few data based on laboratory bubble point tests.
